Alterations in the pancreatic secretion of fluid and of enzymes in response to either pilocarpine (15 mg/kg) or an octapeptide of cholecystokinin (0.1 &kg) have been found in rats that received daily injections of reserpine (0.5 mg/kg) for 7 days. During a 3-hr secretory period, significant reductions in the volume of pancreatic juice and in the total output of protein, amylase, and trypsin were observed in these animals. In the first hour of the secretory response, however, protease output was increased in the treated animals, particularly that of chymotrypsin, which was also increased in the longer secretory period following pilocarpine, but not cholecystokinin, stimulation. Zymogen granules isolated from the pancreas of the treated rats by differential centrifugation in a 0.3 M sucrose buffer had increased specific activities of the proteases when compared to those of untreated controls. Ultrastructurally, zymogen granules isolated from the pancreas of the treated rats showed changes in density, with bizonal and trizonal configurations being frequently observed, and had less distinct --
limit& membranes. In some, the membrane appeared broken a t intervals, and there was granular material, presumably derived from the granule contents, lining the surface of the granule. It is concluded that pretreatment with reserpine inhibits fluid secretion and alters enzyme secretion in the rat exocrine pancreas. The latter effect is related to a nonparallel storage of amylase and proteases in the secretory granules induced by the drug treatment, probably through an action on protein synthesis or intracellular transport. An accumulation of proteases may lead to activation of these enzymes and to granule lysis. Inasmuch as the reserpinetreated rat has been proposed as an experimental model for cystic fibrosis, these findings are relevant in terms of possible pathogenetic mechanisms in this disease.
. -
neurohurnoral stimulation is, fuitherkore, altered and characterized by reductions in the volume of pancreatic juice and in the output of bicarbonate and of amylase (10, 11) .
These observations suggested the need for a more detailed study of the effects of pretreatment with reserpine on digestive enzyme secretion from the exocrine pancreas. In this investigation, therefore, a comparative analysis of the in vivo secretion of amylase, trypsin, and chymotrypsin from the pancreas of reserpine-treated rats and of untreated controls has been carried out in conjunction with a study of the ultrastructure and of the content of these enzymes in pancreatic zymogen granules isolated before and after stimulation with pilocarpine and with cholecystokinin. Inasmuch as the reserpine-treated rat has been proposed as an experimental animal model for cystic fibrosis on the basis of several exocrine gland alterations (5-8, 1 1, 13, 14) , this study constitutes an attempt to investigate possible pathogenetic mechanisms in the pancreatic lesion of this model that may have relevance to the human disease.
MATERIALS AND METHODS
Adult male rats of the Sprague Dawley strain were used. A number of animals (see "Results") were treated with seven daily doses of reserpine (0.5 mg/kg body weight IP), and matched ones were used as untreated controls. Both groups of rats were housed in the same quarters and had free access to water and to a standard pelleted diet. Food, but not water, was removed for the last 24 hr before the experiment. Two types of experiments were performed: (1) the collection of pancreatic juice after stimulation with appropriate secretagogues for the analysis of enzyme secretion; and (2) the isolation and analysis of the enzyme content of zymogen granules obtained from both unstimulated and stimulated tissue.
In the first case, the rats were anesthetized with sodium pentobarbital (6 to 8 mg/kg body weight IP) and the trachea, the Speculation external jugular vein, and the common bile duct were cannulated The chronic administration of reserpine to rats causes an in-as previously described (10, 11) . The pancreatic duct was cannucreased storage and secretion of proteases, particularly chymo-lated with a polyethylene cannula (Clay Adams PElO) inserted trypsin, in the exocrine pancreas. This may lead to intracellular for a short distance into its duodenal end. Ligatures were tied activation of these enzymes and to alterations in exocrine pan-around the hepatic end of the duct to prevent contamination with creatic structure and function. Inasmuch as pretreatment with bile, as previously described (10, 11) . The animals were kept in a reserpine also causes alterations in fluid and bicarbonate secretion heated operating to maintain body temperature and either similar to those seen in cystic fibrosis, the effects on pancreatic a single IV injection of pilocarpine nitrate (15 mg/kg body weight) enzymes suggest a mechanism for the pathogenesis of the exocrine 0' an IV infusion of cholecystokinin octapeptide (0.1 &kg) was pancreatic disturbance in this disease.
administered. These doses have been previously found to cause adequate secretory responses from the rat pancreas (10, 11) . Samples of pancreatic juice were collected at timed intervals for The exocrine pancreas of rats treated in a chronic fashion with periods of 1 to 3 hr in preweighed plastic microsample tubes kept reserpine shows ultrastructural and secretory abnormalities which in ice. At the end of the collection period, the animals were killed suggest a drug effect on both acinar and ductal segments of the by exsanguination through the abdominal aorta, and the pancreas glandular epithelium (10) (11) (12) ). An accumulation of acinar secretory was removed and homogenized as described below. The collection granules, a reduction in rough endoplasmic reticulum, and tubes were reweighed to obtain a gravimetric estimate of the changes in Golgi membranes are found in the resting gland (12) . volume of pancreatic juice secreted, and each sample was then Granule discharge is reduced upon stimulation with cholecysto-analyzed for enzyme content as follows: (1) for amylase, a 1 or 2 kinin and is accompanied by the appearance of numerous auto-p1 aliquot was diluted in ice-cold distilled water and analyzed with the Harleco reagent kit. This is a colorimetric method that compares the differences in absorbance of a starch-iodine complex in the presence and absence of the sample. A unit of amylase is defined as the amount that hydrolyzes 10 mg of starch at 26OC in 10 min; (2) for trypsin, a 5 to 10 p1 aliquot of juice was incubated for 30 min at 37OC in the presence of 0.5 ml enterokinase (Sigma E8128; 40 mg/100 ml buffer) and of I ml of buffer [0.046 M Tris containing 0.01 15 M CaC12 (pH 8.1)]. A 0.1 ml aliquot of the incubation mixture was then used for the measurement of trypsin activity. For this purpose, the rate of hydrolysis of p-toluene sulfonyl-L-arginine methyl ester (TAME) is measured by the increase in absorbancy at 247 mp. One unit of enzyme activity is equal to the hydrolysis of one micromole of TAME per minute at 25°C and pH 8.1 in the presence of 0.01 M calcium ion. The 0.1 ml aliquot of enterokinase-activated sample is mixed with 0.3 ml of 0.01 M TAME and 2.6 ml of Tris buffer (0.046 M; pH 8.1) containing 0.01 15 M CaC12, and absorbancy is recorded every 30 sec for 5 m i n and plotted against time. ~~/ m i n is determined from the straight portion of the slope. A blank containing 0.1 ml of 0.001 M HCl instead of the sample, plus the substrate and buffer& used to zero the spectrophotometer; (3) chymotrypsin activity was measured in 0.1 ml aliquots of the enterokinaseactivated pancreatic juice by establishing the rate of hydrolysis of benzoyl-L-tyrosine ethyl ester. The change in absorbancy at 256 mp is determined in a mixture that contains the sample, 1.4 ml of benzoyl-L-tyrosine ethyl ester substrate, (0.00107 M in 50% methanol) and 1.5 ml of 0.08 M Tris buffer (pH 7.8) containing 0.1 M CaC12. A unit is equivalent to 1 pmole of substrate hydrolyzed per minute at pH 7.8 and 25°C. An appropriate blank containing 0.1 ml of 0.001 M HC1 instead of the sample is used to zero the instrument, and AA is calculated for a 4 to 5 min period as indicated above. These measurements were made in a Beckman DU spectrophotometer with a Gilford Instruments attachment and recorder.
The second type of experiment involved the isolation of zymogen granules in resting tissue and following stimulation with secretagogues. This was carried out according to the method of Meldolesi et al. (9) , with some modifications. The pancreas was trimmed, minced, and homogenized in 10 volumes (w/v) of 0.3 M sucrose using 20 strokes of a Teflon-glass homogenizer. Six ml samples of this homogenate were centrifuged at 1000 x g for 12 min in a Sorvall centrifuge kept in a refrigerated room. The supernatant was aspirated, the pellets were resuspended in 5 ml of 0.3 M sucrose, and the suspension was centrifuged at 180 x g for 12 min to sediment cell debris, red cells, nuclei, and plasma membranes. The resulting supernatant was removed with a Pasteur pipette, filtered through a nylon mesh, and centrifuged at 1000 X g for 3.5 rnin to yield a tightly packed white pellet of zymogen granules covered by a loose tan layer rich in mitochondria. This layer was removed by swirling. In some experiments, the 0.3 M sucrose was removed, and cold, 3% cacodylate-buffered gluteraldehyde was slowly added to the tubes with care taken not to disturb the pellet. The pellets were fmed for 18 to 24 hr at 4OC, washed twice in cold 0.1 M cacodylate (7.5% sucrose buffer), postfixed in 1% osmium tetraoxide in Millonig's phosphate for 1 hr at room temperature, and washed twice in buffer. Dehydration was done in a graded series of ethanols, the ethanol was exchanged twice with 100% propylene oxide, and the material was infiltrated with mixtures of propylene oxide and Luft's Epon 812, either for 2 hr or overnight. The pellet was embedded in 100% Epon 812 and stained for 1 min with uranyl acetate and for 1.5 min with lead citrate.
To extract granule contents, the pellets obtained in other experiments were resuspended in 1 ml of 0.2 M Tris-HC1 buffer (pH 7.8), and the suspension was immediately centrifuged for 30 min at 550 x g. The resulting pellet contained zymogen granule membranes, some unextracted granules, and mitochondria, whereas the supernatant contained the digestive enzymes. Aliquots of the supernatant were used for amylase determinations with the method indicated above for pancreatic juice. These aliquots (10 p1) were diluted with distilled water. Other aliquots were treated with enterokinase and then used for the determination of trypsin and chymotrypsin.
For trypsin, a 200 p1 aliquot of sample was incubated for 30 min at 37OC in the presence of 0.5 ml of enterokinase (see above) and 0.8 ml of Tris buffer [0.046 M Tris containing 0.01 15 M CaClz (pH 8.1)]. A 0.1 ml aliquot of the incubation mixture was then used for the measurement of trypsin activity as described above. For chymotrypsin, a 100 p1 aliquot of supernatant from the lysed granules was incubated for 30 min at 37OC in the presence of 0.5 ml enterokinase and 0.9 ml of Tris buffer [0.08 M Tris containing 0.1 M CaC12 (pH 7.8)]. A 0.1 ml of this was used for the determination of chymotrypsin activity as described before. Protein concentrations in pancreatic juice samples and in the granule content supernatant were measured by the Lowry method (4).
Several variables were explored to determine the conditions for optimal activation of the pancreatic enzymes, particularly of the proteases. Maximum activation time was examined by varying the incubation time of the samples with enterokinase from 30 to 90 min. In other experiments, two concentrations of enterokinase were used (40 and 400 mg/ml) in 30-min incubations. The effect of adding albumin to the incubation buffer was also investigated. For this purpose, 100 pg/ml of bovine serum albumin was added to the incubation tubes. The results presented are those obtained under the optimal conditions determined with these experiments.
The following drugs and reagents were used: (1) pilocarpine nitrate, from the Sigma Chemical Company, St. Louis, MO; (2) a synthetic octapeptide of cholecystokinin was the gift from E.
Squibb Pharmaceutical Company.
RESULTS

PANCREATIC JUICE
In general, rats treated with reserpine secreted smaller volumes of pancreatic juice than did control rats after stimulation with either pilocarpine or CCK-octapeptide. The reduction in volume amounted to -29% in the case of pilocarpine and to 26% in the case of CCK octapeptide. These results confirm previous observations (10, 11) .
The specific activities of amylase, trypsin and chymotrypsin in the pancreatic juice collected from control and reserpine treated rats are plotted in Figures 1 and 2 which illustrate, respectively, typical experiments after pilocarpine and CCK stimulation. It can be seen that in both cases the specific activity of amylase was reduced, and those of trypsin and chymotrypsin were increased in the pancreatic juice of reserpine-treated rats. The total output of protein and of the three enzymes in the juice of the two groups of animals is summarized in Table 1 , which presents data relative to two collection times (1 and 3 hr) after stimulation with pilocarpine and with the octapeptide of CCK. During a timed 60-min response, the reserpine-treated rats had a larger output of protein, which was essentially due to a larger output of chymotrypsin and, to a lesser extent, of trypsin. By contrast, the output of amylase was essentially similar to that of control animals (Table 1) . When the output of the three enzymes and of protein was measured during a 3-hr secretory response, the reserpine-treated animals showed a reduced protein output, as a result of a decreased output of both amylase and trypsin (Table 1 ). The output of chymotrypsin, however, was still higher in the juice of the treated animals during a 3-hr collection of pancreatic juice (Table 1) .
ISOLATED ZYMOGEN GRANULES-ENZYME CONTENT
The specific activities of the three enzymes in zymogen granules isolated from the resting and stimulated pancreas of control and reserpine-treated rats are summarized in Table 2 . In the resting (unstimulated) state, zymogen granules isolated from the tissue of reserpine-treated rats had a significantly higher chymotrypsin specific activity. That of trypsin was also higher than in control granules, but not to the extent observed with chymotrypsin (Table  2) . One hr after stimulation with pilocarpine, the specific activities Reserpine Control -TIME (minutes) TIME (minutes) TIME (minutes) Fig. I . Specific activities of amylase, trypsin, and chymotrypsin in the pancreatic juice of control and reserpine-treated rats after stimulation with pilocarpine (15 mg/kg body weight IV). This figure illustrates a typical experiment from a group of similar protocols.
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of all three enzymes had increased in granules isolated from the pancreas of control rats when compared to those of granules isolated from nonstimulated tissue of the same animals ( Table 2 ). In granules isolated from reserpine-treated rats, however, the specific activity of chymotrypsin was lower than in granules obtained from tissue of the same animals not subject to stimulation. Stimulation with the octapeptide of CCK caused a reduction in the specific activities of the three enzymes in granules isolated from the pancreas of control rats 1 hr after the hormone stimulus, when compared to those obtained in granules isolated in resting tissue from similar untreated control rats ( Table 2 ). The same was true in granules obtained from reserpine-treated rats (Table 2 ). 
ISOLATED ZYMOGEN GRANULES-ULTRASTRUCTURE
Zymogen granules isolated from the resting (unstimulated) pancreas of control rats showed a fairly uniform electron density when studied ultrastructurally (Fig. 3) . The granule preparation was essentially free of contaminating material from other intracellular organelles or membranes and the granules were delineated by well-defined membranes (Figs. 4 and 5) . Granules isolated from the resting pancreas of reserpine-treated rats had several ultrastructural alterations when compared to the control ones. They seemed to have a reduced electron density and less distinct limiting membranes (Fig. 6) . Several granule configurations showing a denser core and a more lucent outer rim were observed (Fig.  6) . Other granules had a trizonal appearance, and a few appeared to be in the process of rupturing, showing breaks in the limiting membrane and the presence of finely granular material, presumably derived from the granular contents, lining the surface of the granules (Figs. 6 to 8 ). Some granules, however, appeared normal, with unbroken limiting membranes and uniform density of contents. The chronic administration of reserpine to albino rats has been previously shown to inhibit the secretion of fluid and of bicarbonate from the exocrine pancreas (10, 11) . The results of this study indicate that the drug treatment also alters the secretion of pan- TIME (minutes) TIME (minutes) TIME (minutes) Fig. 2 . Specific activities of amylase, trypsin, and chymotrypsin in the pancreatic juice of control and reserpine-treated rat after stimulation with CCK-octapeptide (0.1 &kg body weight IV). Representative experiment from a group of similar protocols. 
creatic enzymes induced by either pilocarpine or the secretagogue hormone CCK. This effect involves several alterations: (1) an increased specific activity and total output of proteases, particularly of chymotrypsin; (2) a reduced specific activity and total output of amylase; (3) an increased output of protein during the first 60 minutes of the secretory response, most likely due to the enhanced output of proteases, but a reduced overall protein output over a longer (3 hr) secretory period. There is, therefore, a biphasic response from the exocrine pancreas of the treated animals, which involves a rapid, enhanced release of proteases during the initial phase of this response, which is not sustained thereafter. Inasmuch as there is also a reduced fluid release, these findings suggest that pretreatment with reserpine affects the mechanisms responsible for fluid and protein secretion in pancreatic acinar cells (10, 11) . These alterations in the secretion of pancreatic enzymes induced by reserpine administration are related to changes in the storage of these enzymes induced by the drug treatment. Zymogen granules isolated from the pancreas of the treated animals had an increased content (expressed as specific activity) of the proteases trypsin and chymotrypsin. Because the amylase content is not increased in the granules of the treated animals, the protease/ amylase activity ratios are higher than in granules obtained from control tissue. These alterations suggest that reserpine may affect either the biosynthesis or the intracellular transport of pancreatic enzymes and that it favors the storage of proteases in the secretory granules. This dissociation is then reflected along the secretory pathway and results in the altered enzyme activities observed in the juice of the treated rats. Evidence has been presented previously that trophic hormones like CCK cause nonparallel variations in the rate of biosynthesis of pancreatic enzymes within 60 min of the stimulus (1). An altered turnover rate or changes in the stability of the enzymes within the secretory granules could also explain the observations reported here.
The effects of reserpine on pancreatic acinar cell function are likely to be more complex, however. In addition to nonparallel storage of enzymes in the resting state, the mechanism of exocytosis itself is also disturbed, as suggested by previous ultratructural findings (12) and by the reduced output of enzymes during a 2-to 3-hr period of secretion. A drug-induced alteration in exocytosis may explain the accumulation of secretory granules and the alterations in rough endoplasmic reticulum and Golgi membranes that occur in the pancreatic acinar cells of the treated animals (12) . It remains to be seen whether a defect in exocytosis can, by itself, alter the synthetic rates of the different enzymes in a nonparallel fashion, but it appears from the ultrastructural observations on the isolated zymogen granules (this study) that the accumulation of granules with an increased protease content may lead to intracellular activation of these enzymes and to progressive granule breakdown. This may explain the increased autophagic activity observed in a previous study (12) . The effects of reserpine on pancreatic acinar cells are likely to involve, therefore, a generalized disturbance in the cellular membranes concerned with the synthesis, intracellular transport and secretion of digestive enzymes.
We have shown that chronic reserpine administration results in widespread exocrine gland alterations which resemble those of patients with cystic fibrosis (5-8, 11, 13, 14) . Although pancreatic atrophy and fibrosis are prominent features of this disease (2), the pathogenesis of this lesion is unknown. Hadorn et al. (3) suggested that, in functional terms, this lesion involved a decreased secretion of the fluid/electrolyte fraction of pancreatic juice, either alone or in combination with an increased secretion of the macromolecular (enzyme) fraction. The present results suggest that a similar functional disturbance occurs in the pancreas of the reserpine model, involving a reduced fluid secretion and alterations in the secretion of enzymes. By analogy, our results also suggest a possible mechanism for the development of the pancreatic lesion in cystic fibrosis. An accumulation of proteases cold lead to intracellular activation of these enzymes and to progressive autodigestion of the exocrine pancreas, leading to the known pathologic findings of cyst formation, atrophy and fibrosis.
CONCLUSION
Pretreatment with reserpine alters the in vivo secretion of fluid and of digestive enzymes from the rat pancreas in response to either pilocarpine or CCK stimulation. An initial period of Enhanced secretion is followed by a markedly inhibited reponse. In the first phase, lasting approximately 1 hr, the output of trypsin and chymotrypsin are increased in the juice of the treated animals. However, protein and enzyme outputs are significantly smaller in these animals when measured for 3 hr after stimulation. Zymogen granules isolated in the resting (unstimulated) state from the pancreas of the treated animals have increased specific activities of trypsin and chymotrypsin. The granules isolated from the pancreas of reserpine-treated rats also show ultrastructural changes, including alterations in density, membrane lysis, and granule breakdown. It is concluded that reserpine administration alters pancreatic acinar cell function in the rat. This effect involves the inhibition of transepithelial fluid transport and the induction of nonparallelism in the secretion of digestive enzymes. The latter results from a drug effect on protein synthesis or intracellular transport, which causes an increased storage of proteases. Activation of the accumulated proteases inside the acinar cells is suggested by the ultrastructure of the granules isolated from the pancreas of the treated animals and may explain the development of the exocrine pancreatic pathology characteristic of cystic fibrosis. Figure 7 has a denser core surrounded by a granular, lighter rim and shows breaks in the limiting membrane. The granule on the right in Figure 8 shows a bizonal density, with a dense core surrounded by a lighter outer rim. No limiting membrane is clearly discernible. A smaller, denser granule on the left also seems to be undergoing lysis. Magnifications, x 10,000 (Fig. 7) , X 20,000 (Fig. 8) . 
